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Abstract: The process of a cluster-containing water jet impinging on a monocrystalline silicon substrate was
studied by molecular dynamics simulation. The results show that as the standoff distance increases, the jet will
gradually diverge. As a result, the solidified water film between the cluster and the substrate becomes “thicker”
and “looser”. The “thicker” and “looser” water film will then consume more input energy to achieve complete
solidification, resulting in the stress region and the high-pressure region of the silicon substrate under small
standoff distances to be significantly larger than those under large standoff distances. Therefore, the degree of
damage sustained by the substrate will first experience a small change and then decrease quickly as the
standoff distance increases. In summary, the occurrence and maintenance of complete solidification of the
confined water film between the cluster and the substrate plays a decisive role in the level of damage formation
on the silicon substrate. These findings are helpful for exploring the mechanism of an abrasive water jet.
Keywords: standoff distance; crystalline silicon substrate; abrasive water jet; molecular dynamics simulation

1

Introduction

Abrasive water jet (AWJ) operation is described as
the impact or collision process of the mixture of
the water column and abrasives or clusters. AWJs
are widely used in the machining filed, in processes
such as abrasive water jet cutting, water jet cleaning,
and abrasive water jet polishing (AWJP) [1−3]. Since
being developed by Fähnle et al. in 1998 [3], AWJP was
proposed to have a wide range of adaptability for
machining surfaces, such as spheres, aspheres, and
other free-form surfaces [4, 5], in order to obtain a
nano-scale smooth surface.
It is widely understood that standoff distance is
one of the most important operating parameters of
AWJ processes. Generally, the depth of cut will almost

linearly decrease as the standoff distance increases
during AWJ operation [6, 7]. In addition, the optimum
standoff will occur for material-removal processes, or
surface damage of impacted substrates [8, 9].
Based on the experimental phenomena mentioned
above, the studies on the influence of standoff distance
on substrate damage were conducted by Kordonski
et al. They found that because of a combination of
the absence of lateral limit by nozzle, surface tension
variances, and aerodynamic disturbances, the degree
of jet divergence increases progressively with the
standoff distance [10]. This can make the energy
density decrease and eventually lead to a lower jet
penetration depth [11]. Thus, magnetorheological
jet polishing (MJP), which was developed on basis
of AWJ to realize the inhibition of jet divergence,
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could preserve the stability of the material removal
process, even if the standoff distance changes
obviously [12].
Using computational fluid dynamics (CFD) simulation, Liu et al. verified that the velocities of the jet
would rapidly decay as the standoff distance increases
at the “initial region” during an AWJ process [13].
The low velocity will lead to a low degree of substrate
damage [14]. In addition, Anglani et al. determined
through CFD analysis that the shear stress on the
impacted flat surface significantly increases as the
standoff distance decreases [8]. In addition, He et al.
showed that there is an optimum standoff distance for
which the impact pressure reaches a maximum value [9]
that is proportional to the substrate damage [14].
Thus far, most studies that focus on the effect of
standoff distance on damage formation are performed
based on a macroscopic view. However, as a result of
evolving technology, the final machining accuracy for
jet machining or polishing has become achievable
at a nano-scale. And the details of AWJ machining
process are still difficult to obtain through experimentation or CFD simulations, especially at nanometer
or atomic scales. Therefore, there is a gap in knowledge
between macroscopic phenomena and nano-mechanism
regarding the effect of standoff distance on damage
formation. At present, molecular dynamics simulation
(MD or MDS) has been applied to investigate impact
processes and solid-liquid two-phase flows. Therefore,
it is possible to provide a feasible scheme to close
this gap.
Over the past three decades, extensive molecular
dynamics simulations have been conducted to study
the damage of substrates under the impact of clusters.
The “piling-up” shock phenomenon that occurs during
the process of Ar cluster impacting with a sodium
chloride surface was investigated by Cleveland and
Landman [15]. The relationship between the depth of
the crater and the incident energy of the cluster was
also studied by some researchers through MD simulation, based on the ion bombardment process [16−18].
Aoki and Matsuo performed simulations of Ar cluster
impacting on sine-curved Si surfaces and found that
the impact process of the cluster varied depending on
the surface structure around the impact point [19]. Han
and Gan studied the surface planarization of the rough

silicon surface under the impact of multiple nanoparticles [20]. Chen et al. studied the surface damage
of the silicon surface covered by a water film [21] or
silicon dioxide film [22] under silica cluster by MD
simulations.
With respect to the process of solid-liquid two-phase
flows, the impact and friction model [23] and the slip
phenomenon [24] of Ar-Cu mixed-phase nanofluid
between two Cu plates were investigated through
MD simulation by Lv and Aminfar, respectively. In
addition, Algara-Siller et al. studied the structural
properties of water in confined spaces using MD [25].
Bourg and Steefel studied the solidification phenomenon and diffusion process of confined water by
performing an MD simulation of water-filled silica
nanopores [26]. These studies are helpful for studying
the physical properties of water beneath an abrasive
in the AWJ process.
In summary, most of the simulation reports on
cluster-surface interactions were performed without
the use of a water jet (namely the dry impact individually of the cluster). Meanwhile, few simulations
were performed using solid-liquid two-phase flows
under the conditions of a water jet. A molecular
dynamics study of the collision process of an abrasive
water jet on a substrate is supposed to provide an
atomistic insight into the dynamics of AWJ processes.
However, detailed reports on the atomic-scale
mechanism that explain the influence of standoff
distance on the damage of the substrate during AWJ
process are very few in number.
In this study, the mechanism of the collision process
between the silicon substrate and the water jet, which
contains an amorphous silica cluster under different
standoff distances, was studied by molecular dynamics
simulation at the nano-scale. In addition, the influence
of standoff distance on the damage of the silicon
substrate would be analyzed through the variance of
a five-fold coordination number of silicon atoms.

2 Simulation methodology
2.1

Simulation model

Figure 1 illustrates the simulation model of the impact
of a jet, which is composed of a water column and a
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Fig. 1 Simulation model of an AWJ. (a) Standoff distance = 20 Å;
(b) standoff distance = 150 Å.

cluster, toward a crystal silicon (c-Si) substrate. The Si
(001) substrate contains approximately 499,200 atoms
within a space of 215.84 Å×324.44 Å×139.82 Å. The
outer layers (~5 Å thickness) of the substrate were
fixed in space with the exception of the top contact
surface. In addition, the thermostat layer (~10 Å
thickness) was used to simulate the heat conduction
in a reasonable way.
The injection module was composed of a silica
cluster, a silica pipe wall, and a water column with
a cavity. Firstly, the amorphous silica cluster and
silica bulk were prepared by quenching melted betacristobalite from 5,000 K and 7,000 K to 293 K at a
cooling rate of 1014 K/s, respectively [27]. The silica
cluster consists of 5,184 atoms with a diameter of
approximately 54 Å. Secondly, the atoms of a pipe
diameter of 108 Å were removed from the center of
the amorphous silica bulk, and then the amorphous
silica pipe wall was prepared. The cluster surface and
the inner surface of the silica pipe wall were composed
of silicon atoms, bridging oxygen (BO) atoms bonded
to two silicon atoms, and non-bridging oxygen (NBO)
atoms bonded to one silicon atom. All NBO atoms
were saturated with hydrogen atoms [28]. Thirdly,
the silica cluster was placed in the cavity of the water
column, whose diameter and length are 108 Å and
107 Å, respectively. Finally, the jet was placed into the
pipe of the silica wall.
The interatomic interaction among the silica cluster
and the silicon substrate system was modeled by a
Stillinger-Weber-like potential [29], and the cutoff

distance of the interaction was 4.0 Å. The water was
described by the TIP4P model [30]. The reaction field
method was applied for the coulomb interactions
between water molecules with a cutoff radius of 7.9 Å.
The interactions between water and silicon substrate
were described by an empirical Lennard-Jones potential
model. The potential parameters were used and
tabulated in Ref. [31], which provide further technical
details. The cutoff distance for this Lennard-Jones
interaction was 8.47 Å. Water molecules interacted
with the silica atoms of the cluster and the pipe wall
using the potential modeled according to Ref. [28],
which consisted of Lennard-Jones and Coulomb
interactions. And the pair interactions were truncated
at a cutoff radius of 9 Å.
At the beginning of the simulation, the injection
module was located at a standoff distance above the
substrate surface. The simulation system was initiated
with a temperature of 293 K. After a relaxation of
7,000 fs and a time step of 1 fs, the jet will impact the
silicon substrate from the silica pipe with an initial
impact velocity of 4,313 m/s under different standoff
distances. Therefore, the impinging kinetic energy of
the cluster under the simulation condition is almost
same as that under the AWJ experimental condition
[32]. In this study, the impact processes of the jet with
different standoff distances of 20 Å, 30 Å, 40 Å, 50 Å,
75 Å, 100 Å, 125 Å and 150 Å were named Pos20, Pos30,
Pos40, Pos50, Pos75, Pos100, Pos125 and Pos150,
respectively. In order to study damage formation on
the silicon substrate, the duration of the impact of the
jet lasted for 8,000–15,000 fs. The larger the standoff
distance, the longer the duration time. During the
entire impact process, the atoms of the silica pipe
wall were fixed. The temperature of the thermostat
atoms of the silicon substrate was kept at 293 K by
using Gaussian constraint thermostat method [33].
2.2

The calculation of local temperature and pressure

To calculate the local pressure and temperature of the
ensemble, the section of the x-direction from 102 Å
(Xmin) to 114 Å (Xmax) was chosen, as shown in Fig. 2.
The silicon substrate and water film were divided by
the grid of 12 Å × 12 Å × 12 Å and 12Å × 5 Å × 3.5 Å,
respectively. In order to reduce the statistical error,
each grid is partially overlapped, as shown in Fig. 2(a).
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Fig. 2 (a) Calculation mode of local temperature and pressure of substrate or water film. (b) Calculation mode of density of water film
layer and cluster force.

For the silicon substrate and the water film, each grid
is separated in the y or z direction by 3 Å and 2.5 Å,
respectively.
2.3

The calculation of water film layer density

In order to further study the variation in the density
of the water film, the water on the substrate surface
in the section is divided into several layers, as shown
in Fig. 2(b). The y direction of each layer ranges from
135–190 Å. Starting from the silicon substrate surface,
every delta_z = 3.5 Å is referred to as a layer. Then,
each layer was divided into a number of grids by
delta_y = 5 Å in the y-direction. Finally, the water
density of each layer is obtained by averaging the
water density of all grids in this layer.
2.4

The calculation of cluster force

The force between the cluster and the silicon substrate

is defined as FC-S . In addition, the cluster was further
divided into two hemispheres by the plane that
passes through the cluster centroid and is parallel to
the XOY plane, denoted as upper-cluster (UC) and

down-cluster (DC), as shown in Fig. 2(b). Then, FUC-W

and FDC-W represent the force from the water molecules
on the UC and DC atoms, respectively. Obviously, a

resultant force on the cluster F is the sum of FC-S ,


FUC-W and FDC-W . In this study, the forces in the

z-direction are our focus points.

3

Simulation results

As shown in Fig. 3, the deformation area will appear

near the impact zone when the abrasive water jet
impinged on the substrate. Meanwhile, the crystalline
silicon will begin to amorphize in the deformation
area due to large temperature and pressure gradients.
That means that the single-crystal silicon atoms with
a four-fold coordination number (CN4 atom) were
converted into the atoms with three- and five-fold
coordination number, respectively. They were referred
to as the CN3 and CN5 atoms, respectively. According
to previous studies [21, 34], it was found that the
volume of the damaged region corresponds to the
volume of the deformation region when the number
of CN5 atoms reaches a maximum. Therefore, the
variance in the number of CN5 atoms is selected as a
quantitative criterion for judging the degree of damage
incurred by the crystalline silicon. The higher the
maxima of the number of CN5 atom (CN5max), the
larger damage region.
Figure 4 shows that CN5max varies inconspicuously
when the standoff distance ranges from 20–40 Å.
When the standoff distance is more than 40 Å, CN5max
decreases rapidly as the standoff distance increases.
This is consistent with the variance in the damage
severity of the substrate according to Fig. 3.
The above simulation shows that there is a critical
value of the standoff distance (about 40 Å). When the
standoff distance does not exceed the critical value,
the substrate damage will inconspicuously change.
Once the critical value is exceeded, the substrate
damage will rapidly decrease. This phenomenon
is consistent with the experimental conclusion that
an optimal standoff distance exists in the AWJ
experiment [8].
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Fig. 3 Side cross-section view of the impact zone at different moments. Red particles represent CN5 atoms. (a), (b), (c) are the
snapshots of 750 fs, 1,950 fs, and 6,000 fs at Pos20, respectively. (d), (e), (f) are the snapshots of 3,750 fs, 4,900 fs, and 8,000 fs at
Pos150, respectively. (a) and (d) represent the moment when the jet first contacts the substrate; (b) and (e) represent the moment of the
maximum of the number of CN5 atom; (c) and (f) represent the end of the impact process.

Fig. 4 (a) The CN5 variation curve with time during jet impingement on substrate with different standoff distances. In order to
make figures clear, the data after 8,000 fs was not shown; (b) the
CN5max variation curve with different standoff distances.

4

Analyses and discussions

The relationship between the standoff distance and
the substrate damage was studied by analyzing the
variance of CN5 number as follows. The jet process
was divided into four stages.
4.1

The stage of solidification formation of the water
film (Stage_I)

At the beginning of the simulation, the jet moves

from the nozzle to the substrate at an initial velocity
of 4,313 m/s. Then, the jet front will contact with the
substrate first.
When the jet front reaches the substrate, it will
form a water film on the substrate surface due to
the impediment from substrate. With the impact
proceeding, the density of this water film will exceed
the value of density (1.0 g/cm3) of water under the
normal condition (Fig. 5), and continue to be higher.
We refer to this process as “the water film solidifying
phenomenon”. At the same time, the cluster gradually
approaches the solidified water film. Thus, the
interaction between the cluster and the water film
will begin to gradually appear (Fig. 6(a) at 750 fs,
Fig. 6(b) at 3,750 fs). The period from the initial time
of the simulation to the appearance of the interaction
between the cluster and water film is called the stage
of solidification formation of the water film (Stage_I).
On the other hand, when the water film is solidified,
the local temperature and pressure of the substrate
in the impact zone begin to increase as the impact
energy of the jet increases (Fig. 7). Moreover, the impact
energy of the substrate only stems from the action of
the water because there is no interaction between the
cluster and water film at this stage (Fig. 6).
For small standoff distances (from Pos20 to Pos40),
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the shape and velocity distribution of the jet front
does not change much compared to the starting time
at the moment when the jet front contacts the substrate.
On the contrary, when the standoff distance is over
40 Å, the shape (Figs. 3(a) and 3(d)) and velocity
distribution of the jet front (Fig. 8) will be different
from the starting time because of the weakness of the
restriction of the nozzle. This phenomenon is called jet
divergence. Obviously, the larger the standoff distance,
the more serious the jet divergence will be.

Fig. 5 The average density variation curve with time of the water
film layer on the substrate surface: (a) Pos20; (b) Pos150.

Fig. 6 Z-direction forces variation curve with time on cluster:
(a) Pos20; (b) Pos150.

On the one hand, jet divergence has no effect
on the velocity of the cluster, but will elongate the
thickness of the water film, which is defined as the
distance between the cluster and the silicon substrate.
As shown in Fig. 9, this is not favorable to water film
solidification. Therefore, the density of the solidified
water film at Pos150 (1.6–1.75 g/cm3) is significantly
lower than that at Pos20 (1.75–1.9 g/cm3) at the end of
this stage. Meanwhile, the thickness of the solidifying
water film (20 Å) in Pos150 is larger than Pos20 (17 Å),
as shown in Figs. 9–11. In other words, the water film
of Pos150, is relatively “loose” and “thick”, compared
to Pos20. This will result in a decrease in the energy
transfer efficiency of the solidified water film, which
is not favorable to the increase in the local pressure
and temperature of the substrate due to the decreasing
of input energy absorbed by the substrate.
On the other hand, because of the jet divergence,
the time required for the solidification of the water
film is prolonged. This means that the local pressure
of the impact zone has more time to diffuse in the
substrate, which is also not favorable to the increase
in local pressure.
Because of the two reasons mentioned above, the
local pressure of the impact zone of the substrate at
Pos150 will increase firstly and then decrease (Fig. 7).
The stress region (whose pressure is over 9 GPa on
basis of the transformation pressure from Si-I to Si-II
[35]) of Pos150 is larger than that of Pos20 at the end
of the stage. However, the maximum pressure and
high-pressure region (whose pressure is over 15 GPa)
of the substrate at Pos150 are less than these at Pos20
(Figs. 12(a) and 13(a)). The high-pressure region was
defined as the region of the local pressure over 15 Gpa
because the distribution area of CN5 is in good

Fig. 7 The maximum pressure variation curve of the impact zone
of the silicon substrate: (a) Pos20; (b) Pos150.

Fig. 8 The velocity distribution of the water in the z-axis direction
when the jet first contacts with the substrate. (a) Pos20 at 750 fs;
(b) Pos150 at 3,750 fs.

Fig. 9 The thickness variation curve with time of the water film
confined between the cluster and the silicon substrate: (a) Pos20;
(b) Pos150.
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Fig. 10 Pressure distribution of water film confined at different moments under Pos20. Stage_I, Stage_II, and Stage_III range from
0–750 fs, 750–1,050 fs, and 1,050–1,950 fs, respectively. (a) 750 fs; (b) 900 fs; (c) 1,050 fs; (d) 1,300 fs; (e) 1,600 fs; (f) 1,950 fs.

Fig. 11 Pressure distribution of water film confined at different moments under Pos150. Stage_I, Stage_II, and Stage_III range from
0–3,750 fs, 3,750–4,100 fs, and 4,100–4,900 fs, respectively. (a) 3,750 fs; (b) 3,900 fs; (c) 4,100 fs; (d) 4,300 fs; (e) 4,500 fs; (f) 4,900 fs.

Fig. 12 Pressure distribution of silicon substrate at different moments under Pos20. (a) 750 fs; (b) 900 fs; (c) 1050 fs; (d) 1,300 fs;
(e) 1,600 fs; (f) 1,950 fs.

Fig. 13 Pressure distribution of silicon substrate at different moments under Pos150. (a) 3,750 fs; (b) 3,900 fs; (c) 4,100 fs; (d) 4,300 fs;
(e) 4,500 fs; (f) 4,900 fs.

http://friction.tsinghuajournals.com ∣www.Springer.com/journal/40544 | Friction

Friction 6(2): 195–207 (2018)

202
agreement with that of over 15 GPa pressure regions
at the moment of CN5max (Figs. 2(b), 3(b), 12(f), and
13(f)). In this stage, the CN5 atom was not noticed in
the impact zone of the substrate, as shown in Fig. 4.
4.2

The stage of complete solidification of the water
film (Stage_II)

When the cluster begins to contact the solidified water
film and then compress it, the force of the cluster in
the z-direction (Fz) increases quickly from zero as
the cluster moves downward (Fig. 6). Meanwhile, the
thickness of solidified water film decreases (Fig. 9).
Therefore, the density and the local pressure of the
solidified water film increase further (Figs. 5, 10, and
11). When Fz reaches its maximum (Fzmax), the density
and the local pressure reach their maximum values as
well (Fig. 5), which means that the water film achieves
a full degree of solidification. The period spreading
from the appearance of F to the moment of Fzmax is
called the stage of complete solidification of water
film (Stage_II).
It is shown in Fig. 6 that there is no direct contact
between the cluster and the substrate, and that the
water film plays an intermediate role in the energy
transfer from the cluster to the silicon substrate. That
is to say, on the one hand, the water film solidification
absorbs a part of the impact energy of the cluster;
on the other hand, the remaining impact energy is
transferred by the solidified water film to the silicon
substrate. The high-pressure area of water film at
Pos20 is evenly distributed in a larger hemispherical
area below the cluster (Figs. 10(a)−10(c)) to incur the
impact load of the jet. Therefore, the stress region
at Pos20 at this stage rapidly increases because the
impact energy of the cluster is evenly distributed over
a larger area of the substrate. However, the highpressure region of the substrate is slightly decreased
(Figs. 12(a)−12(c)).
In contrast with Pos20, the high-pressure area of
the water film at Pos150 starts concentrating to a
relatively small area just below the cluster, which is
“thick” and “loose” (Figs. 11(a)−11(c)). Therefore, the
majority of the input energy of the cluster is used to
achieve complete solidification of the water film, and
a very small part is transferred into the silicon substrate
through the water film in this stage. Therefore, the

maximum pressure and the stress region of the substrate
reduce gradually. In addition, the high-pressure region
diminishes or disappears (Figs. 13(a)−13(c)).
Therefore, the maximum pressure and the highpressure region of the silicon substrate in Pos20 continues to be larger than those in Pos150. Moreover,
the stress region of the former is also significantly
larger than that of the latter.
4.3

The stage of maintaining complete solidification
of the water film (Stage_III)

The cluster continues to move down after the water
film is completely solidified. The period from the
moment of Fzmax to the moment of CN5max is called
the stage of maintaining complete solidification of
the water film (Stage_III), because the density of the
solidification film experiences only a small change
during this stage (Fig. 5).
At this stage, the input energy of the cluster and
the water is mainly divided into two parts: (1) one part
overcomes the resistance of the solidification water
film in order to reduce the thickness of the solidification
film (E1); (2) another part transfers into the silicon
substrate by the solidifying water film (E2).
For the standoff distance at Pos20, E1 is larger than
E2 (E1>E2) during the early period of this stage.
Therefore, the area where the solidifying water film
is sustaining the load of the jet is relatively large
(Figs. 10(c) and 10(d)). In addition, the stress wave
will split at the stress region of the substrate because
E2 is not sufficient. Therefore, the stress region of
the substrate will decrease significantly. However,
the high-pressure region of the substrate gradually
increases, and the maximum pressure of the substrate
cannot increase (Figs. 12(c) and 12(d)).
With the continuous embedding of the cluster, the
area where the solidifying water film is sustaining
the load of the jet becomes more and more concentrated
under the cluster (Figs. 10(d) and 10(e)). This causes
E1 to gradually become equal to E2, even smaller
than E2. Therefore, the stress region of the silicon
substrate slowly increases again in the period of E1≤
E2 (as Figs. 12(d) and 12(e)), but the high-pressure
region and the maximum pressure significantly
increased.
For Pos150, the area where the solidifying water
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film sustains the load of the jet has concentrated
under the cluster during the early period of this stage
(Figs. 11(c)−11(e)). Therefore, it directly enters the
period of E1≤E2. As a result, the local pressure of the
stress region of substrate increases rapidly and the
high-pressure region appears again and gradually
increases (Figs. 13(c)−13(e)). However, the stress region
and high-pressure region at Pos150 are still significantly
lower than those at pos20 when the CN5 atom
appears.
When the maximum pressure of the substrate
exceeds the threshold value for the transition between
the CN4 atom and the CN5 atom, CN5 atoms will
appear and the cluster does not continue to be
embedded in the substrate. As shown in Fig. 9, Pos20
and Pos150 are stable at approximately 7 Å and 4.5−5 Å,
respectively. This means that E1 is much smaller than
E2 during this period (E1<<E2). It is noticed that
the maximum pressure of the substrate will slightly
reduce first, and will then experience only a minor
change whether the standoff distance is Pos20 or
Pos150. In addition, the areas of the stress region and
high-pressure region increase very slowly after CN5
appears (Figs. 12(e), 12(f), 13(e), and 13(f)).
Under continuous impact energy, the number of
CN5 atoms rapidly increases to a maximum at 1,950
fs (Pos20) and 4,900 fs (Pos150), respectively. Therefore,
the period from when the CN5 atom appears to the
moment when the maximum number of CN5 atoms
is obtained in Pos20 is as same as that in Pos150
(Fig. 4(a)).
Meanwhile, there is no obvious difference in the
local pressure and temperature maximum of the impact
zone between Pos20 and Pos150 at the moment of
CN5max.
Therefore, CN5max of Pos20 is significantly larger
than that of Pos150 because the areas of the stress
region and high-pressure region of the former are
greater than those of the latter.
4.4

The stage of degradation of the complete
solidified water film (Stage_IV)

As the velocities of the cluster and the water behind
the cluster further decrease, the density of the
solidifying water film begins to decrease (Fig. 5). This
process is known as the degradation phenomenon of

the solidified water film (Stage_IV). This will result in
a decrease in the transfer-efficiency of the water film,
which leads to a reduction in the energy absorbed
by the silicon substrate. As a result, the local pressure
of the substrate in the impact zone will decrease. In
addition, the local temperature of the substrate will
rise due to the gradual weakening of the restriction
from the densifying water film. Therefore, the number
of CN5 atom decreases rapidly (Fig. 4). Finally, the
substrate enters a state of slow relaxation with the
rebounding of the jet. The substrate damage gradually
formed and held stable, along with the mutual
transformation between CN5, CN3, and CN4.
4.5

Discussions

The formation of damage is in accordance with the
variance in the number of CN5 atoms in the impact
zone of the silicon substrate during the water jet
process. The factors that influence the formation of
the damage are listed as follows: (1) the stress and
high-pressure regions at the moment of CN5max; (2)
the maximum of local pressure and local temperature
at the moment of CN5max; (3) the duration from the
moment of the appearance of CN5 atom to the moment
of CN5max. However, no significant difference was
observed for the latter two factors under different
standoff distances with the same impact velocity.
Therefore, the influence of standoff distance on the
degree of damage incurred by the substrate is mostly
contributed by the first factor.
As shown in Fig. 14, the solidification of the jet front
will occur under the impact of the water jet during
the water film solidification stage. However, as the
standoff distance increases, the water jet will diverge
gradually. Therefore, the solidifying water film formed
by a small distance is relatively “dense” and “thin”,
while the solidifying water film formed by large
distance is relative “loose” and “thick”. As a consequence, the jet front will spend more time solidifying
at large distances, which results in a longer diffusion
time for the stress region of the substrate. Therefore,
at the end of this stage, the area of the stress region at
small distance is smaller than that at large distance,
but the area of the high-pressure region of the former
is larger than that of the latter.
The cluster begins to compress the water film during
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Fig. 14 Sketch of the process of AWJ impingement on substrate. (a), (b), and (c) are at small standoff distance; (d), (e), and (f) are at
large standoff distance. (a), (d) represent the moment that the water film starts to solidity; (b), (e) represent the moment of the water film
complete solidification; (c), (f) represent the moment that substrate reaches maximum damage.

the stage of complete solidification of the water film.
Firstly, most of the input energy of the cluster is used
for realizing the complete solidification of the water
film. Secondly, the remains are transferred to the
silicon substrate by the solidification film. As the
standoff distance increases, the energy absorbed by
the substrate becomes smaller and smaller. For small
standoff distances, the impact energy of the cluster
could be absorbed by a larger area of the substrate
because the solidifying water film is denser. This can
make the stress region increase rapidly, but is not
enough to maintain the high-pressure region. Therefore,
the high-pressure region decreases. For large standoff
distances, both stress region and high-pressure region
reduced significantly. And the high-pressure will even
disappear. Therefore, at the end of this stage, both the
area of stress region and high-pressure region at small
distances are significantly larger than those at large
distances.
At the stage of maintaining complete solidification
of water film, the relationship between E1 and E2
usually goes through three periods: E1>E2, E1≤E2
and E1<< E2.
In the period of E1>E2 and E1≤E2, the cluster is
continuously embedded in the water film. For a small
standoff distance, the stress region will first decrease
clearly and then increase slowly again because of the
occurrence of the split of the stress wave. Meanwhile,
the high-pressure region of substrate will increase
further. For a large standoff distance, both the stress
region and high-pressure region will increase clearly

again. However, at the end of E1≤E2 period, the
stress region and the high-pressure region at large
distances are still significantly less than that at small
distances.
In the period of E1<<E2, the cluster cannot be
embedded in the solidified water film. In addition,
CN5 atoms begin to appear and increase rapidly until
its maximum. In this period, both the stress region
and high-pressure region do not change substantially,
as the input energy is consumed by the generation of
the substrate CN5.
There was no significant difference in the duration
of E1<<E2 period between different distances. In
addition, there is no obvious difference in the local
pressure and temperature maximum of the impact
zone between different distances at the moment of
CN5max.
Therefore, it is the differences in the stress region
and the high-pressure region that result in the
reduction of the CN5 production rate at increasing
distances. This eventually causes the CN5max of the
small distance significantly greater than that at large
distances.

5

Conclusions

In summary, the process of an abrasive water jet
impinging on monocrystalline silicon substrate under
different standoff distances was studied by molecular
dynamics simulation. The influence of standoff distance
on the damage of the crystal silicon substrate was
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studied by analyzing the variation of the CN5 atoms
of the silicon substrate. The impact process before the
CN5 atoms reach their maximum number is divided
into three stages: solidification formation of water film,
complete solidification of water film, and maintaining
complete solidification of water film.
During the solidification formation stage, due to jet
divergence, the solidified water film is relatively
“thinner” and “denser” under the smaller standoff
distance, and the forming time is short. On the contrary,
under the larger standoff distance, the solidified water
film is relatively “thicker” and ”looser” with a longer
formation time. Therefore, the stress region under the
smaller distance is less than that of the larger distance.
However, the high-pressure region of the former is
larger than that of the latter.
At the stage of complete solidification, the “thicker”
and “looser” water film will consume more input
energy of the cluster to realize complete solidification.
Therefore, the high-pressure region of small standoff
distance continues to be larger than that of the large
standoff distance, although both high-pressure regions
are reduced at this stage. More importantly, the stress
region of the former also begins to be significantly
larger than the latter.
In the stage where complete solidification is
maintained, the high-pressure region and the stress
region of small distance are still far larger than those
of large distance. These differences finally lead to
CN5max and the damage degree of the substrate will
first exhibit a small change and then decrease quickly
with the increase in standoff distance. This phenomenon
is consistent with the existence of an optimal standoff
distance in the AWJ experiment.
In a word, at a nano-scale, jet divergence will affect
the process of solidification of the water film between
the cluster and the substrate under different standoff
distances. This will change the energy transfer efficiency
from the input jet to the impacted substrate. Therefore,
the occurrence and maintenance of the complete
solidification plays a decisive role in the damage
formation of the silicon substrate. These findings are
expected to be helpful for thoroughly understanding
the material removal mechanism during AWJ or MJP
process.
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